Background
Introduction
Highly active antiretroviral therapy (HAART) effectively reduces HIV patients' morbidity and effectively prolongs their disease-free lives. According to a previous study, antiretroviral treatment outcomes are relevant to immunologic, pharmacokinetic factors, and adherence to regimens [1] . Strict adherence to regimens ensures better treatment outcomes, but suboptimal drug levels may lead to the emergence of drug-resistant HIV variants [2, 3] . Therefore, the assessment of adherence to ART is important to predict virologic outcomes, disease progression, and death.
Many methods are used to evaluate the adherence to antiretroviral therapies, such as selfreported questionnaires, pill counting, the Medication Event Monitoring System (MEMS), the visual analogue scale, and drug concentrations in plasma or urine [3, 4] . The advantages and disadvantages of these methods are obvious. Self-reported questionnaires and the visual analogue scale are often used in resource-limited countries because of their low cost and simplicity. However, both of these methods tend to overestimate patients' adherence due to recall bias and social desirability [5] [6] [7] . Pill counts are not suggested to solely assess patients' adherence [7] . In previous studies, though MEMS has shown good correlation with the HIV load, the estimation of adherence may be biased when assessed through MEMS [7, 8] . Measurement of drug concentrations in plasma and urine may be more sensitive indicators, however, both only provide the adherence within 1 to 2 days of sampling [9] [10] [11] . Alternatively, measuring drug concentrations in hair has the potential to provide an objective estimate of a long-term exposure, which will be more meaningful in predicting treatment outcomes and efficacy of ART [12] . In individual patients, hair growth varies from 0.5 to 1.5cm each month and drug concentrations in the hair root (hair 0.5-1.0 cm from the scalp) record the last month's history of drug use. Thus a monthly history of drugs is recorded in the hair root [13] [14] [15] . Many studies showed that hair drug concentrations can strongly predict virologic outcomes [16] [17] [18] .
The current recommended regimens in China include two nucleotide or nucleoside reverse transcriptase inhibitors (NRTIs) and one non-nucleoside reverse transcriptase inhibitor (NNRTI) or protease inhibitor (PI). Since 2008, China's National Free Antiretroviral Treatment Program (NFATP) had changed its first-line ART regimen by replacing didanosine (DDI) with lamivudine (3TC) [19, 20] . So far, 3TC has been the most widely used NRTI in China. In another research conducted in China, researchers concluded that lamivudine (3TC) produced better treatment outcomes with a higher virologic suppression rate and lower drug resistant rate [21] . At the same time, researchers admitted that adherence to treatment regimens should be given more attention in the future. According to the pharmacokinetic study of NRTI drugs such as 3TC, d4T, and AZT, they need be biologically activated through intracellular conversion to phosphorylated metabolites [22] . Thus, if the NRTI plasma concentration has any association with the intracellular 3TC concentration or can predict treatment outcomes still remains uncertain [23] . What is more, another study showed that 3TC plasma concentrations among patients may be influenced by many factors, such as different durations between the sampling time and the last dose, the variability of the body mass index, and renal conditions [24] . The elimination half-life of 3TC is as short as 3-4 hours and this may contribute to a large variation in 3TC plasma concentrations [25, 26] . Considering the long-term assessment of regimen adherence and the complex testing of intracellular 3TC active metabolite concentrations, we conducted this study to find if hair 3TC concentrations can predict virologic failure and drug resistance, and also compare the capacity of hair 3TC concentrations with self-reported adherence in predicting virologic responses.
Methods

Ethics Statement
The IRB of Chinese Center for Disease Control and Prevention approved this study and the approval number was X120331207. We obtained written informed consents.
Sample population and sample collection
We conducted a cross-sectional survey in HIV patients receiving the lamivudine regimen from 2013 to 2014. 287 patients were enrolled from Zhejiang, Anhui, and Henan Provinces. The inclusion criteria were: patients 18 years old, had received national free ART treatment for 12 months, current treatment regimen included lamivudine, and willingness and consent to participate. Patients who were treated with second-line regimens as the initial treatment were excluded. Basic information (age, sex, income per month, marital status, education, occupation, HIV transmission route, initial ART regiment, current ART regiment, duration of ART, missed dose in the past month, and ratio of on-time drug intake in the past month), blood specimens, and hair specimens for lamivudine were collected. Hair samples were collected from the occipital area as previously described because it has the lowest variability in hair growth rate [17, 27] . At least 30 strands of hair were cut as close to the scalp as possible and the distal portion labeled to denote directionality [28] . At least a 1 cm hair of sample was cut and at least 1cm of hair close to the scalp should be remained for testing. The hair specimens were placed in small plastic bags and were stored at room temperature in the dark to avoid excessive exposure to moisture. Blood samples were also collected for CD4 + cell count, HIV-1 RNA viral load testing, and genotypic drug resistance (HIVDR) testing as previously described [29, 30] . All the hair samples and blood samples were collected within the same hour. In accordance with the WHO survey guideline, successful viral suppression was defined as HIV RNA level <1,000 copies/mL using a quality-assured viral load assay. In samples with a viral load (VL) 1000 copies/mL, HIVDR genotyping was performed by in-house polymerase chain reaction (PCR). The study was approved by the institutional review board (IRB) at the National Center for AIDS/STD Control and Prevention of the China Center for Disease Control and Prevention (NCAIDS, China CDC).
Hair ART quantification
The hair 3TC concentration was determined using liquid chromatography and tandem mass spectrometry (LC-MS/MS) at iPhase Pharma Services in Beijing, China. Briefly, 3TC concentrations in 1-1.5 cm hair samples near the scalp approximately represented the drug accumulation in the past month. Hair samples were cut into small segments, yielding approximately 2 mg of hair [31] , and 50 μL of 50% methanol was added, and samples were whirled to blend well. Then 50 μL IS (0.02 μg/ml lamivudine-15 N 2 , 13 C as an internal standard) and 0.9 ml meth-by centrifugation at 13,000 rpm for 5 minutes. 500 μL supernatant was extracted and mixed with 500 μL deionized water, and then the mixture was whirled. 10 μL of the mixture was used for LC-MS/MS analysis. The LC-MS/MS system consists of an Agilent 1200 Series pump (G1312A) and autosampler (G1367B), and an AB Sciex LC triple quadrupole tandem mass spectrometer. The mass spectrometer was set to electrospray ionization in a positive multiple reaction monitoring mode. The calibrated hair samples were prepared as follows: 2 mg of blank cut hair samples were placed into different test tubes, and 50 μL 0.4, 0.8, 2, 5, 20, 40, 64, or 80 ng/ml standard solutions was added. Then, these samples were treated in the same way as above. We controlled the relative standard deviation (RSD) of the standard curve at less than 15%. The linear range of the standard curve was 10-2000 ng/g.
Statistical analysis
Questionnaires were double-entered and validated with EpiData 3.1 (The EpiData Association, Denmark) and then were analyzed by the Statistical Analysis System (SAS 9.2, SAS Institute Inc., Cary, NC, USA) and SPSS Statistics 19 (SPSS Inc., USA). Demographic variables were described with descriptive statistics and the Wilcoxon signed rank test was used to compare hair 3TC concentrations among the three groups for virologic suppression, virologic failure without HIVDR, and virologic failure with HIVDR. In order to explore the association between the 3TC concentration in hair and virologic suppression/drug resistance, we used multivariate logistic regression to calculate the odds ratios and 95% confidence intervals. At the same time, we selected cut-off concentrations with receiver operating characteristics. In addition to investigating factors which have an influence on the relationship between hair 3TC concentrations and viral load, we used stratified analysis through the Chi-square test or Fisher's exact test to calculate the P value among different stratifications. Hypothesis testing was two-sided with α = 0.05.
Results
A total of 287 patients from Zhejiang, Anhui, and Henan Provinces of China were enrolled in the survey. The characteristics of the subjects are shown in Table 1 . The average age was 44.9 ±10.2 years, 52.6% were male, the proportion with an income per month of less than 1,000 Yuan was 74.6%, 76.0% were married, 19.5% had a high school or higher education level, and farmers accounted for 68.3%. The two major reported transmission routes were blood donations from former commercial plasma donations (former plasma donors were prople who acquired HIV infection through illegal hemapheresis in the mid-1990s in China.) and sexual intercourse, which accounted for 70.7% and 25.8%, respectively. The median duration of ART treatment was 87.4±39.2 months. The proportion of DDI-based initial ART regimens was 45.6%. 47.4% of current ART regimens were the second line of 3TC plus (AZT or TDF or d4T) plus LPV/r. Among these 287 patients, 79 (27.5%) had experienced virologic failure and 40 (13.9%) had drug resistant mutations. Hair 3TC concentrations among people are shown in Fig 1. We divided the 287 patients into three groups according to viral load and drug resistant mutations. There were 208, 39, and 40 patients in the groups of virologic suppression, virologic failure without HIVDR, and virologic failure with HIVDR, respectively. The mean hair 3TC concentrations in the groups of virologic suppression, virologic failure without HIVDR, and virologic failure with HIVDR were 915.0±670.5 ng/g, 284.1±538.9 ng/g, and 648.4±616.9 ng/g, respectively. The Wilcoxon signed rank test was used to compare the medians of hair 3TC concentrations among these three groups, and the difference among these groups were statistically significant (virologic failure with HIVDR vs. virologic suppression, p = 0.0125; virologic suppression vs. virologic failure without HIVDR, p<0.0001).
We then conducted a multivariate logistic regression model to examine the association of different indictors with the dichotomous outcome of virologic suppression after controlling for several variables, such as age, sex, income per month, marital status, education, occupation, HIV transmission route, initial ART regiment, current ART regiment, duration of ART, and CD4 count at the survey (S1 Table) . The adjusted odds ratio of the 3TC concentration in hair was 11.5 (compared to 3TC concentration < 260ng/g, 95% CI 5.7, 23.2, p<0.001). Missing doses in the past month and the ratio of on-time drug intake in the past month were not included in the final model. What is more, after adjusting for demographic factors, only those with a higher 3TC contents in hair were observed to be at higher risk for emerging drug resistance than those with a lower 3TC contents (<180 ng/g)(AOR = 6.8, 95% CI 2.5,18.2, p<0.001).
Through the receiver operating characteristic curve (ROC), the optimal cut-off (that maximized the Youden Index) was 260ng/g. The sensitivity, specificity, positive predictive value, and negative predictive values were 54.4%, 89.9%, 67.2%, and 83.9%, respectively. The large amount of false-negatives (patients with HIVDR always tend to have higher 3TC concentrations while experiencing virologic failure) resulted in a lower sensitivity. Thus, we constructed another receiver operating characteristic curve (ROC) among patients without HIVDR, and the optimal cut-off was also approached at 260ng/g, with 76.9% sensitivity, 89.9% specificity, 58.8% positive predictive value, and 95.4% negative predictive value. The sensitivities and specificities at different hair 3TC concentrations are listed in Table 2 . We also used interviewerassisted questionnaires to assess the adherence in the past month, including missed doses in the past month and the ratio of on-time drug intake in the past month. When we used the threshold of hair 3TC concentration at 260ng/g, the hair 3TC concentration was a much stronger indicator than variables of self-reported adherence in predicting virologic failure. We examined whether demographic and treatment factors would influence the threshold of hair 3TC in predicting virologic failure. Stratified subgroups are listed in S2 Table. The Chi-square test or Fisher's exact test was used to calculate the P value among different stratifications. Sensitivity, specificity, positive predictive value, and negative predictive values were not significantly affected by most stratified factors, except for CD4 + cell counts, initial ART treatment, and current ART treatment. Patients who had higher CD4 + cell counts (350 cells/ml) had lower positive predictive values (77.8%, 77.8%, and 37.5% for <200 cells/ml, 200-350 cells/ml, and 350 cells/ml, respectively, p = 0.01) and higher negative predictive values (89.5%, 89.6%, and 98.4% for <200 cells/ml, 200-350 cells/ml, and 350 cells/ml, respectively, p = 0.01). What is more, we found that patients who had received 3TC as the initial ART treatment regimen had higher sensitivity (91.7% vs. 53.3%, p = 0.02). Receiving second-line ART treatment may lower the negative predictive values (91.9% vs. 98.2%, p = 0.04). The threshold of hair 3TC concentrations associated with virologic failure with HIVDR is presented in Table 3 . According to the receiver operating characteristic curve (ROC) among 79 HIV patients with a viral load1000 copies/ml, the optimal operating point on the ROC curve was 180ng/g with the area under the ROC curve of 0.72. This threshold corresponds to a sensitivity of 70.0%, a specificity of 74.4%, a positive predictive value of 73.7%, and a negative predictive value of 70.7%. The threshold of 180ng/g had a more balanced sensitivity and specificity than 300ng/g with the same Youden Index. Although hair 3TC concentrations had a lower sensitivity than self-reported adherence in predicting HIVDR, its specificity was an obvious advantage and the Youden Index was also higher (Table 3) . Through the stratified analysis to explore factors which may influence the association between hair 3TC concentrations and the emergence of drug resistance (S3 Table) , we found that 3TC in the initial treatment regimens only influenced the specificity in predicting HIVDR.
Discussion
In our study, we first demonstrated that 3TC concentrations in hair are significantly different among groups of virologic suppression, virologic failure without HIVDR, and virologic failure with HIVDR. Patients who had a suppressed viral load had the highest hair concentration, illustrating their favorable adherence. Intermediate concentrations in virologic failure patients were associated with the emergence of drug resistance mutations. This may be because of irregular missed doses or non-adherence [16, 32] .
In addition, we also found that hair 3TC concentrations have a strong association with virologic outcomes and are able to give a comparatively accurate prediction of virologic outcomes. According to a previous report conducted by Gandhi [11] , the odds ratio for virologic suppression was 39.8 for those with hair LPV/r levels in the top tertile compared to the lowest tertile, and for patients with ATV, the adjusted OR was 7.7. Another study of hair NVP concentrations reported that the odds ratio for viral suppression in the highest concentration tertile was 9.17 compared to the lowest tertile [18] . Other studies also reported the sensitivity and specificity of predicting virologic outcome with drug concentrations in hair. A study of the IDV concentration in hair reported that the sensitivity and specificity of predicting virologic outcomes were 75% and 78%, respectively [16] . Another study concluded that the LPV/r concentration in hair had a PPV of 79% and a NPV of 89% [17] . Our study found that the hair 3TC concentration is reliable in assessing patients' adherence. However, there were two reasons that may limit the sensitivity and specificity. First, patients with HIVDR had a large amount of false-negatives (patients who had high hair 3TC concentrations while experiencing virologic failure at the same time) which reduced the sensitivity. Second, HAART is always a combined therapy and the detection of one drug may reduce the specificity. According to our previous studies, self-reported adherence variables of the questionnaire were significantly associated with HIV virologic failure and/or HIVDR, including missed doses and the ratio of on-time drug intake in the past month [33, 34] . The self-report adherence variables were suggested by the WHO HIVDR surveillance protocol that was particularly designed for resource-limited settings [35] . What is more, the self-report questionnaires are quite simple and less costly compared with other methods. However, the sensitivity of self-reports was still low and proved that self-report questionnaires would overestimate the adherence. The results may be related to social desirability and recall bias [36] . Our study found that the hair 3TC concentration was a stronger indicator than the self-reported adherence questionnaires in predicting virologic outcomes and HIVDR. Also, hair collection is easy and noninvasive and the storage is less limiting [37] . Other studies showed that plasma 3TC concentrations tend to largely vary among patients and there is no consensus of whether the plasma concentration can predict treatment response [22, 24] . Based on our study, hair 3TC concentrations could be a better measurement of the adherence monitoring index.
The limitations of our study were: first, our sample recruitment from only three provinces could not guarantee a representative sample of all HIV patients in China. The size was not large enough and did not include all kinds of patients in China, which may have lowered the accuracy of the threshold value. Second, most of the participants had been treated for a longtime which could lead to more patients with HIVDR, while hair 3TC concentrations may only reflect the ART treatment adherence in the past month. The relationship between hair 3TC concentrations and HIVDR might be underestimated. Third, data collection did not include any pharmacokinetic related indicators, which may influence the association between hair 3TC concentrations and viral load. We performed this study in a cross-section manner and a longitudinal assessment is required and will be done in the future in order to show causality.
However, these limitations should not affect our conclusion that hair 3TC concentrations can strongly predict virologic outcomes in HIV patients and are a better indicator than selfreported adherence questionnaires in predicting virologic outcomes and HIVDR. Testing lamivudine levels in hair is a simple and safe method for evaluating the ART adherence over a period of months in resource-limited settings. China should establish a centralized unit of drug resistance surveillance to monitor ARV adherence through testing hair concentration of drugs in HIV patients.
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